
Worldwide Epidemiology of Salmonella Serovars in Animal-
Based Foods: a Meta-analysis

Rafaela G. Ferrari,a,d Denes K. A. Rosario,a,d Adelino Cunha-Neto,a,c Sérgio B. Mano,a Eduardo E. S. Figueiredo,b,c

Carlos A. Conte-Juniora,d,e

aMolecular and Analytical Laboratory Center, Department of Food Technology, Faculty of Veterinary, Federal Fluminense University, Niterói, Brazil
bAnimal Science Program, Faculty of Agronomy and Animal Science, Federal University of Mato Grosso, Cuiabá, Brazil
cNutrition, Food and Metabolism Program, Nutrition Faculty, Federal University of Mato Grosso, Cuiabá, Brazil
dPost Graduate Program in Food Science Program, Institute of Chemistry, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil
eNational Institute of Health Quality Control, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil

ABSTRACT Salmonella spp. are among the most important foodborne pathogens and
the third leading cause of human death among diarrheal diseases worldwide. Animals
are the primary source of this pathogen, and animal-based foods are the main transmis-
sion route to humans. Thus, understanding the global epidemiology of Salmonella sero-
vars is key to controlling and monitoring this bacterium. In this context, this study
aimed to evaluate the prevalence and diversity of Salmonella enterica serovars in animal-
based foods (beef, pork, poultry, and seafood) throughout the five continents (Africa, the
Americas [North and Latin America], Asia, Europe, and Oceania). The meta-analysis con-
sisted of a chemometric assessment (hierarchical cluster analysis and principal compo-
nent analysis) to identify the main epidemiological findings, including the prevalence
and diversity of the Salmonella serovars in each matrix. Regarding the serovar distribu-
tion, S. Typhimurium presented a cosmopolitan distribution, reported in all four assessed
matrices and continents; poultry continues to play a central role in the dissemination of
the Enteritidis serovar to humans, and Anatum and Weltevreden were the most fre-
quently found in beef and seafood, respectively. Additionally, we recommended careful
monitoring of certain serovars, such as Derby, Agona, Infantis, and Kentucky. Finally,
given the scientific data regarding the most frequently reported serovars and which ma-
trices constitute the main vehicles for the transmission of this pathogen, control pro-
grams may be improved, and specific interventions may be implemented in an attempt
to reduce the risk of this pathogen reaching humans.

IMPORTANCE Salmonellosis is caused by Salmonella spp. and is the third leading
cause of death among food-transmitted diseases. This pathogen is commonly dis-
seminated in domestic and wild animals, and the infection’s symptoms are charac-
terized by acute fever, nausea, abdominal pain, and diarrhea. The animals are the
primary source of salmonellae, and animal-based foods are the main transmission
route to humans. Therefore, data collected from these sources could contribute to
future global interventions for effective control and surveillance of Salmonella along
the food chain. In light of this, the importance of our research is in identifying the
prevalence of Salmonella serovars in four animal-based food matrices (pork, poultry,
beef, and seafood) and to evaluate the importance that each matrix has as the pri-
mary source of this pathogen to humans.
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Salmonella is a genus of Gram-negative bacilli belonging to the Enterobacteriaceae
family and are comprised of two species, Salmonella bongori and S. enterica,

conforming to the White-Kauffmann scheme. This classification is according to the
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three groups of surface structures expressed on the bacterial lipopolysaccharide (LPS),
flagella, and capsular polysaccharide (1). The species S. enterica is comprised of six
subspecies, enterica, salamae, arizonae, diarizonae, houtenae, and indica, with about
2,659 serovars. Of these, the subspecies enterica is responsible for approximately 1,547
serovars, of which 99% may cause infections in animals and humans (2).

Salmonella species can be classified into typhoid and nontyphoid (NTS) regarding
their ability to develop specific pathologies in humans (3). Typhoid serovars are a
subcategory of serovars known as specialists (adapted), capable of infecting and
colonizing only a very narrow range of hosts, and include the Typhi, Sendai, and
Paratyphi A, B, and C serovars, highly adapted to humans and presenting only higher
primates and humans as reservoirs (4). The pathogenesis of typhoid fever (Typhi and
Sendai) displays several symptoms, such as high fever, diarrhea, vomiting, headaches,
and, in extreme cases, death. Enteric fever (Paratyphi A, B, and C) presents milder
symptoms, i.e., diarrhea, cramping, fever, and vomiting, possibly leading to septicemia
(5). These serovars can be transmitted by water, milk, raw vegetables, seafood, and
contaminated eggs (4, 5). As S. Typhi and S. Paratyphi do not present animals as
reservoirs, except higher primates, their presence indicates contamination through
inadequate hygiene management during food and water handling (6). Other specialist
serovars are associated with systemic illnesses in other animal species, such as Galli-
narum and Pullorum (7), with host specificity for aquatic birds and poultry, respectively,
as well as Typhimurium phage type DT2 (8), Abortusovis (9), and Typhisuis (10),
frequently linked to septicemic infections in pigeons, sheep, and swine, respectively. In
contrast, generalist serovars are capable of triggering infections in both humans and
animals, including NTS Enteritidis and Typhimurium, known mainly for their epidemi-
ological relevance (4). Symptoms caused by generalist serovars usually are limited to
diarrhea, and there is no need for the use of antibiotics. These serovars are mainly
transmitted by animal-based foods, such as beef, pork, poultry, and contaminated raw
eggs, although seafood and plants (fruits and vegetables) can also serve as vehicles (4,
5, 11, 12). Furthermore, some NTS serovars demonstrate evident host predilection and
usually are associated with a specific animal host, such as Choleraesuis and Dublin (13),
which prefer pigs and cattle, respectively, but may also infrequently cause disease in
other mammalian hosts, including humans (10). These NTS can cause invasive infec-
tions (invasive nontyphoidal salmonellae [iNTS]) in humans similar to those produced
by the typhoid forms, as reported in sub-Saharan Africa for the S. Typhimurium
sequence type 313 (ST313) (14). In this regard, some excellent recent reviews have
highlighted different serovar-host specificity aspects, including Bäumler and Fang (15)
and Branchu et al. (13).

The most common NTS reservoir is the intestinal tract of a wide range of domestic
and wild animals and a variety of food matrices that can serve as vehicles for trans-
mission of Salmonella spp. to humans through fecal contamination. The transfer
frequently occurs when these microorganisms are introduced into food preparation
areas, with subsequent proliferation in food items through improper storage temper-
atures, inadequate cooking, and/or cross-contamination, as well as through direct
contact with infected animals and humans (16).

From a public health perspective, according to the World Health Organization
(WHO), Salmonella spp. are among the 31 pathogens displaying the highest capability
of triggering intestinal or systemic disease in humans among diarrheal and/or invasive
agents (viruses, bacteria, protozoa, helminths, and chemicals) (12, 17) and the third
leading cause of death (12) among food-transmitted diseases (FTD). This pathogen was
the second leading causative agent of FTDs in the European Union and the United
States, preceded by Campylobacter spp. and norovirus, respectively (16, 18). Annual
culture-confirmed human infection surveys regarding Salmonella indicate that the five
most prevalent serovars in decreasing order are Enteritidis, Newport, Typhimurium,
Javiana, and monophasic Typhimurium 4,[5],12:i:� in the United States (19) and
Enteritidis, Typhimurium, monophasic Typhimurium 1,4,[5],12:i�, Infantis, and Newport
in the European Union (20). Although the role of the animal-based foods in the
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transmission of this pathogen to humans has been previously demonstrated, the
prevalence of Salmonella serovars in these products is not yet fully understood (16). The
prevalence in different food matrices varies according to countries and regions, influ-
enced both by culture and food production practices, as well as by geographic location
and economic power (12). Furthermore, production animals are often asymptomatic
carriers (21), and after entering the slaughterhouse, Salmonella can be transferred to
other substrates during industrial processing (22–24).

In this context, it is clear that controlling infections caused by Salmonella spp. is a
global concern and that monitoring its possible contamination routes to humans is
essential (25). Thus, this meta-analysis study aimed to report the worldwide distribution
and occurrence of different serovars in four different animal-based foods matrices and
indicate if these matrices present a central role as transmission vehicles for each of the
serovars to humans.

RESULTS
Literature search. A total of 1,023 articles (210, pork; 528, poultry; 258, beef; 27,

seafood) were identified at the PubMed database, 393 articles (76, pork; 210, poultry;
93, beef; 14, seafood) at Web of Science, and 1,247 (312, pork; 785, poultry; 137, beef;
13, seafood) at Scopus, totaling 2,663 articles. Of these, 82 were duplicates or triplicates
and were excluded. A total of 2,581 remained after exclusion of repeated papers. After
screening the titles and abstracts, only 266 papers were adequate for the purpose of
the study, since they dealt with both matrix and Salmonella serovars (Fig. 1).

Salmonella serovars around the world. First, considering all matrices around the
world, according to the continued linkage distance, serovars were separated into
cluster A and cluster B (see Fig. S1 in the supplemental material). The decision to
separate the clusters was determined by two factors: prevalence and global distribu-
tion. Serovars with major global importance are presented in cluster A (Fig. S2). Second,
five clusters were obtained, where clusters 1, 2, and 3 are subdivisions of cluster A (Fig.
S1). The Typhimurium serovar, indicated as cluster 2, individually represents the most

FIG 1 Flow diagram displaying the results of the literature search carried out at the PubMed, Web of
Science, and Scopus databases.
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prevalent and disseminated serovar worldwide. In addition, the principal component
analysis (PCA) of cluster A (Fig. 2), according to the contribution (loadings) of matrices/
continents and serovars to the factor’s construction (Table S1a and S1b), indicated that
Typhimurium was represented in factor 1 (Fig. 2A) as the most prevalent. This finding
was noted for all matrices and continents, mainly in pork (Table S1a and S1b).

Cluster 1 comprises the Kentucky, Hadar, and Enteritidis serovars (Fig. S1). In
addition, the PCA indicates that poultry is the main disseminator of these serovars
worldwide (Fig. 2A). Likewise, factor 2 indicated serovar Enteritidis as the second most
prevalent (Fig. 2A, Table S1a and S1b). Cluster 3 comprises the Weltevreden, Derby,
Anatum, Meleagridis, and Agona serovars (Fig. S1). These serovars reach global rele-
vance due to beef and seafood (Fig. 2A and B). The Anatum serovar appeared third,
mainly due to beef contamination (Fig. 2B). The Weltevreden serovar displays global
importance in seafood (Fig. 2B). In this study, this serovar was reported in Asia and
North America. On the other hand, cluster B comprises serovars with minor global
relevance (prevalence and distribution), with serovar Sofia being one of the top five
most prevalent serovars worldwide. However, the local importance of this serovar

FIG 2 PCA of Salmonella serovars worldwide. AF, Africa; LA, Latin America; NA, North America; AS, Asia; EU, Europe; OC, Oceania.
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(Australia) removes its global relevance. Because of this, this serovar is presented in
cluster 4. Finally, cluster 5 presents serovars with unimportant worldwide relevance.

Salmonella serovars in pork. PCA factors 1, 2, and 3 explain 85.64% of the data
variance (Fig. S3) for serovars in pork. According to continent and serovars contributions
(loadings) to factor construction (Table S2a), factor 1 represents Typhimurium and
Derby in Europe, Oceania, Asia, and North America as the most prevalent serovars (Fig.
S3A). However, the location of Europe and Oceania above the factor 2 central axis line,
as well as serovar Typhimurium, indicates that this serovar was more prevalent than
Derby on these continents. Similarly, the location of Asia below the factor 2 central axis
line indicates that Derby was more prevalent on this continent; this was not observed
for North America, since similar locations for both Derby and Typhimurium indicate that
these serovars present the same importance. Factor 2 indicates that Hadar was the
most prevalent serovar in Africa. On the other hand, factor 3 (Fig. S3B) indicates
Meleagridis is the most prevalent in Latin America, albeit with no individual impor-
tance, since the Anatum and Agona serovars displayed similar relevance according to
the PCA.

Salmonella serovars in poultry. PCA factors 1, 2, and 3 explain 87.28% of the data
variance (Fig. S4) for serovars in poultry. According to the continent and serovar
contributions (loadings) to factor construction (Table S3a), factor 1 indicates Enteritidis
is the most prevalent in Asia, Latin America, Europe, and Africa (Fig. S4A). Factor 2
represents Kentucky, Typhimurium, and Sofia as the most prevalent serovars in North
America and Oceania. However, according to factor 3 (Fig. S4B), Sofia was the most
prevalent serovar in Oceania. Likewise, Kentucky was the most prevalent serovar in
North America (Fig. S4).

Salmonella serovars in beef. PCA factors 1, 2, and 3 explain 73.17% of the data
variance (Fig. S5) for serovars in beef. According to the continent and serovar contri-
butions (loadings) to factor construction (Table S4a), factor 1 represents Anatum and
Typhimurium in Africa, Latin America, and Europe as the most prevalent serovars (Fig.
S5A). However, the locations of both Africa and Europe above the factor 2 central axis
line, along with Typhimurium, indicate that this serovar was more prevalent than
Anatum on these continents. Similarly, the fact that Latin America was presented below
the factor 2 central axis line indicates that Anatum was more prevalent on this
continent. Agona was the most prevalent serovar in Asia, according to factor 2 (Fig. S5A
and S5B), with the same observed for Muenchen in Oceania. Factor 3 (Fig. S5B) indicates
that Anatum and Montevideo were the most prevalent serovars in North America.

Salmonella serovars in seafood. PCA factors 1, 2, and 3 explain 71.58% of the data
variance for serovars in seafood (Fig. S6). According to continent and serovar contri-
bution to factor construction (Table S5a), factor 1 represents serovar Hadar in Latin
America and Africa as the most prevalent (Fig. S6A). Factor 2 reaffirms the prevalence
of Hadar in Africa and indicates Typhimurium is the most prevalent in Europe, followed
by Senftenberg, according to the factor loadings (Table S5a). According to factor 3 (Fig.
S6B), Weltevreden was the most prevalent serotype in Asia. Likewise, Newport was the
most prevalent in North America.

DISCUSSION
Salmonella serovars worldwide. The results reported here confirm that the Typhi-

murium serovar displays a cosmopolitan profile and is considered an example of a
generalist serovar (Fig. 3). Thus, it is not surprising that it occupies the second position
in Europe (20) and third in the United States (19) in human salmonellosis reports. Pig
meat was the matrix most associated with S. Typhimurium and its monophasic variant
(20, 26). Therefore, from a worldwide point of view, these results corroborate those
reported by the CDC (26) and EFSA (20), confirming that pig and pork meat are the
main sources of this pathogen.

According to experimental studies, pigs can asymptomatically carry high S. Typhi-
murium concentrations in the tonsils, gut, and mesenteric lymph nodes, and during
their slaughter, these tissues frequently disseminate the bacterium to carcasses (27–31).
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In addition, the presence of S. Typhimurium in the parotid glands can also be a hazard
during sanitary inspection due to cross-contamination generated by the incision. Once
this occurs, Salmonella organisms spread out throughout the processing line and can
be isolated from machinery, knives, carcasses, and employee hands (32, 33).

Serovar Enteritidis was the most frequently reported in human salmonellosis cases
in the European Union, followed by S. Typhimurium and its monophasic variant,
1,4,[5],12:i:�. EFSA, in agreement with our results, indicates that this serovar was first
associated with broiler flocks and meat (57.2%), followed by layer (37.1%) and turkey
(3.9%) sources (20). In the United States, S. Enteritidis is the second most isolated
serovar from chicken carcasses and is the most frequent serovar associated with human
disease (34). Hence, with regard to poultry from a worldwide view, these results
corroborated the aforementioned reports, indicating that this matrix continues to play
a crucial role in the delivery of this bacterium to humans.

Concerning Anatum, the most noteworthy serovar in beef (Fig. 2B), the studies
reported here (see Table S8 in the supplemental material) do not discuss why this
serovar is found so frequently in this matrix. Moreover, until the elaboration of this
research, no studies concerning the pathogenesis of this serovar were found in the
literature. It is hoped that this gap is an incentive for future studies, considering the
relevance that this serovar presents regarding its prevalence in beef. From reported
outbreaks by this serovar, it appears the twenty most prevalent are in Asia, Africa (3),
and the United States (19).

Originating in India, the Weltevreden serovar became the most prevalent NTS in
South and Southeast Asia due to its special capacity for commensalism, which can
cause zoonosis worldwide through the consumption of contaminated foods and
seafood. This serovar emerged as a dominant serovar isolated from fish production
systems and aquatic foods (35) and is considered an important pathogen in the context
of public health, especially in coastal areas of China (36). Noor Uddin et al. (37) reported
closely related or identical pulse types of S. Weltevreden profiles from distinct shrimp
farms. These findings suggested a clonal strain resulting from a common feed, fecal
source, or animal, i.e., rodent, reptile, or bird. In addition, it has been proposed that this
serovar is more adapted for survival than other Salmonella serovars. Additionally, an
antimicrobial profile similar to that of S. Typhimurium DT 104 was noted, which

FIG 3 World distribution of Salmonella serovars by matrix.
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presents resistance to florfenicol and chloramphenicol, related to the floR gene. This
indicates that future molecular studies must be carried out in order to determine the
factors that may be associated with increased survival in aquatic environments and
whether resistant patterns are related to the floR gene (37).

Salmonella serovars in pork. Pigs are one of the most common sources of
Salmonella infections in humans (38–40), and in some countries it is indicated as the
most important source of salmonellosis, as in a great part of Europe and the United
States (19, 40). This is because these animals are frequently asymptomatic carriers and
disseminators of this pathogen throughout the production chain. Even if the preva-
lence of Salmonella in these animals varies depending on the different stages of
production (ranging from 3% to 33%), it is relevant in a food safety context to
understand and control pig infection under slaughter conditions (18, 41). Salmonella
spp. may spread among pigs through the fecal-oral route, direct contact between
snouts, feed, and aerosols. Additionally, as this pathogen is present in the animal
intestines, mesenteric lymph nodes, throat, stomach, and feces (32, 42–44), pigs under
slaughter conditions can quickly develop resurgent infections before processing, in-
creasing the number of impaired animals and the risk of spreading this microorganism
in slaughterhouses (45–50).

S. Typhimurium presented a ubiquitous profile, since all continents reported this
serovar in pork (Fig. 4A). This finding is supported by the fact that this serovar is
described in outbreaks worldwide involving pork (3, 51, 52). According to Hendriksen
et al. (3), S. Typhimurium is the most common serovar in humans in North American and
Oceania, regardless of the source, followed by Enteritidis. In contrast, in the European
Union, S. Enteritidis ranked as the most common serovar, with Typhimurium second.
However, in the present study, S. Enteritidis was reported in pork only in Africa and Asia,

FIG 4 Heat map concerning Salmonella serovar prevalence in different matrices worldwide for pork (A) and poultry (B).
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in both cases in the 8th position. This is due to the secondary importance that this
matrix has in the dissemination of this serovar to humans. In fact, several studies
suggest eggs, chicken meat, and derivatives as the main culprits in the dissemination
of this serovar (53–60). Therefore, when the source is attributed, studies indicate that
pork and pork-based food are the main S. Typhimurium transmission vehicle in Africa
and Asia (19, 20, 61).

The Typhimurium serovar, including its monophasic variant, when isolated from
swine, presents a diverse phenotypic and genotypic profile. Studies have reported that
multidrug-resistant (MDR) S. Typhimurium phage type U 288, DT 120, and DT 193 are
the most prevalent in swine (39, 62–72) and DT 193 in both humans and pigs (62, 72,
73). Some researchers have suggested that the prevalence of phage type DT 193 has
increased in humans over the past 10 years due to its association with the dominant
clone of monophasic S. Typhimurium (39, 73–76), although this clonal line is a heter-
ogeneous phage type comprising different monophasic S. Typhimurium lineages (74).
Similarly, DT 120 has been associated with the monophasic variant, although some DT
120 members have derived from DT 104 and are not monophasic (74). Furthermore, the
prevalence of S. Typhimurium and its monophasic variant, as well as its phage types, are
similar in both farms and slaughterhouses. It is not surprising that the isolation of this
serovar in outbreaks is strongly linked to the pork matrix. Additionally, as reported by
Ferrari et al. (77), currently several studies have demonstrated correlations between
swine and human S. Typhimurium isolates.

The Derby serovar, the most reported in Asia and in North America (S. Typhimurium
and Derby had the same importance on this continent) and the second most reported
in Europe (Table S7), is not among the main causes of outbreaks in humans (3). In this
case, different food matrices contaminated with other serovars are responsible for
Salmonella transmission, diluting the prevalence of the Derby serovar in humans.
Another possibility for the low prevalence of the Derby serovar in humans and its high
prevalence in swine is due to the lack of some virulence-associated genes, such as the
truncation of the Salmonella pathogenicity island 3 (SPI-3) and the deletion of some
genes, such as sugR (ATP binding protein) and rhuM (putative cytoplasmic protein) (78).
Hendriksen et al. (3) also report that Derby is not among the most common outbreak-
causing serovars, except in Europe and Asia, ranking 10th and 18th, respectively.
Nevertheless, an interesting fact pointed out by a recent baseline study in Europe
reports that the Derby serovar was the 6th most frequently isolated serovar in human
infection cases, also associated with pigs and pork meat (20, 79). Corroborating the
results reported here, it is important to note that such a serovar is continuously isolated
from pig mesenteric lymph nodes and feces in both Asia and Europe (32, 42–44, 80, 81)
and is among the top 10 serovars isolated from pig slaughter on these two continents.
Moreover, several studies have demonstrated correlations between S. Derby in pigs and
humans (80, 82–87). For example, in Italy, a comparison of the pulsed-field gel elec-
trophoresis (PFGE) profiles of swine and human isolates confirmed a strong correlation
between S. Derby isolated from animals in slaughterhouses and those held at lairage for
long periods. Consequently, the authors recommended that lairage duration should be
considered within Hazard Analysis and Critical Control Point (HACCP) slaughterhouse
plans. Similarly, Kerouanton et al. (82) also utilized PFGE (applying three restriction
enzymes, XbaI, BlnI, and SpeI) and antimicrobial susceptibility to correlate swine and
human isolates, and although a sequencing method was required during a second
stage of the study (88), the authors noted a strong link between human and swine
isolates (82). In China, Zheng et al. (89) used multilocus sequence typing (MLST) to
characterize the Derby serovar. The authors identified two clonal groups, with ST40 as
the most frequently detected. It is noteworthy that, according to the Salmonella MLST
database (https://pubmlst.org/salmonella/), ST40 has been commonly reported in pigs
and pork meat in the United States and Europe and in humans in Europe and Asia.
Therefore, descriptive results found in the literature and the findings reported here
indicate S. Derby is associated with and confirms pigs as the main reservoir for this
serovar.
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In Latin America, the Meleagridis serovar was the most described in pork, followed
by Anatum and Agona (Fig. 4A). This study also indicates this serovar is found in beef
(3rd) and chicken (11th) on this continent (Table S7). This is interesting, since this
serovar is the 4th leading cause of outbreaks in this region (3), suggesting that pork and
derivatives represent one of the main sources of this serovar for humans. Few studies
regarding the characterization of the Meleagridis serovar and a plausible explanation of
why this serovar is so isolated in swine are found in the literature. Some studies (90–93)
have reported S. Meleagridis is one of the most prevalent in pork serovars, and its
characterization by MLST indicates ST463 and ST64 with an MDR profile.

Concerning the Hadar serovar in Africa, generally associated with poultry (94–97),
the present study indicates that pork and seafood presented a higher prevalence,
followed by poultry, ranked 2nd. Thus, pork meat cannot be identified as the main
potential vehicle of this serovar to humans on this continent. However, these results
may be biased due to the small number of articles found for this continent, as well as
the fact that two articles were carried out in the same country, representing only a local
reality. Hendriksen et al. (3) reported S. Hadar as ranking 14th as a cause of outbreaks
in Africa. However, it is still worrisome, since the prevalence of this serovar in these
matrices can be a serious threat. According to the CDC (19), the four most worrying
Salmonella serovars regarding public health are Typhimurium, Newport, Hadar, and
Heidelberg due to their association with multidrug resistance. Additionally, previous
studies indicate that pigs are the most important source of this serovar in Europe,
highlighting the importance of this matrix as a possible threat to humans (34, 55, 98).
Concerning pathogenicity, experiments using HeLa epithelial cells indicated that S.
Hadar isolated from human feces presented equal or greater invasiveness than blood
isolates, in addition to presenting greater intracellular replication compared to that of
blood isolates (99).

Salmonella serovars in poultry. Poultry can become infected with different Sal-

monella serovars, frequently asymptomatically (100). These animals may acquire Sal-
monella via vertical or horizontal transmission, e.g., from the environment, transporta-
tion, feed, and vectors, such as rodents, insects, and humans. After becoming carriers,
these animals become Salmonella disseminators through both horizontal and vertical
pathways during primary production, when, at this stage, epidemiologists suggest its
spread throughout the production chain (54, 56, 59, 100). Some serovars, such as
Pullorum and Gallinarum, are specific to birds, causing disease in these animals but
rarely in humans, while others, such as Typhimurium, Enteritidis, and Heidelberg, are
able to infect a broad range of hosts (10).

The Enteritidis serovar was also the most reported in humans in Asia, Latin America,
Africa, and Europe, demonstrating that this food matrix is directly involved in the
dissemination of this pathogen to humans (3). The other assessed matrices did not
present high Enteritidis prevalence, at rankings of 2nd, 8th, and 10th in beef (Table S8)
in Africa, Europe, and Asia, respectively, and 3rd in seafood in Africa and Asia (Table S9).
Corroborating these results, several studies have confirmed poultry products as the
main vehicles for Salmonella infection and unquestionably associated this with
the Enteritidis serovar (20, 101–104). According to Shah et al. (105), the prevalence of
the Enteritidis serovar in poultry products in the United States has increased from
0.45% in 2002 to 1.5% in 2012, suggesting that poultry meat is another major risk factor
concerning human infection by this serovar.

Previous to the spread of S. Enteritidis infections in poultry, this serovar was
correlated with rodents (106). Some explanations for the emergence of the Enteritidis
serovar in poultry are available, including the eradication of S. Pullorum and S. Galli-
narum and subsequent filling of this niche by the Enteritidis serovar (107). In addition,
production chain changes, such as increased population density in animal rearing, may
have facilitated the spread of S. Enteritidis (100, 108, 109). This serovar is known to
colonize the reproductive tissues, ovaries, and oviducts, yet it can also survive in the
hostile environment inside the egg (109). Moreover, it also survives in the chicken
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endothelial reticulum, which has been demonstrated to be an important host speci-
ficity, explaining their high isolation in eggs and broilers (110).

Lastly, S. Sofia, the most prevalent serovar in Oceania (Fig. 4B), presents very low
outbreak prevalence on this continent and elsewhere, suggesting low virulence to
humans (111). This serovar is rarely reported in countries other than Australia. Bouchrif
et al. (112) isolated this serovar from chicken meat in Morocco, while Carramiñana et al.
(113) isolated it from the same matrix and environment in Spain. According to Pointon
et al. (114), from 1981 to 1985, chickens after processing in Australia presented a Sofia
serovar prevalence rate of 32.8% concerning all isolated Salmonella, increasing to 90.3%
in 2004. According to Duffy et al. (111), the Sofia serovar presents several alterations in
its SPI-1 to -5, ranging from whole gene deletions to insertions/deletions and point
mutations. The main genetic variations found in S. Sofia compared to S. Typhimurium
comprise SPI-1, SPI-3, and SPI-5, with SPI-2 and SPI-4 being relatively conserved. These
findings suggest that changes in Sofia serovar SPI-1 and -2 do not play a significant role
in its successful poultry colonization compared to the Typhimurium serovar. Neverthe-
less, it is still unknown if the number of changes in S. Sofia SPIs, particularly in SPI-1, -3,
and -5, are important concerning human colonization (111).

The Kentucky serovar was the most prevalent in poultry products in North America.
However, no reports of outbreaks in humans were found (3). The relationship of this
serovar to human outbreaks is rare, with ratios below 1% in the United States (16, 115).
This suggests that although this serovar is not among the causative agents of out-
breaks, the possibility exists, due to the high isolation levels in poultry and derivatives.
However, according to Foley et al. (110), most strains of this serovar isolated from
poultry are avirulent to humans and display the ability to grow rapidly in mildly acidic
environments (pH 5.5), which gives them an advantage over other serovars regarding
growth in the chicken cecum (110). Another aggravating factor regarding this serovar
is that it has acquired pathogenic Escherichia coli (APEC) virulence plasmids (pColV-like),
which appear to be important to S. Kentucky concerning poultry colonization (110,
116). Additionally, the effective control of other serovars (i.e., Typhimurium and Enter-
itidis) in the supply chain seems to have led to a pathogen substitution in this matrix.
A major factor was the inclusion of Enteritidis in the Eggs and Poultry Meat Improve-
ment Plan in 1989 and 1994 (100). According to EFSA (16), changes in Salmonella
serovars related to broilers have also been associated with the dissemination of clones.
The global spread and persistence of the Kentucky serovar in this matrix reflect
increasing globalization, travel, and food trade between different geographical regions.
Finally, the spread of this serovar in Europe, Africa, and Asia has been associated with
an epidemic clone (Kentucky ST198-X1) originating from various reservoirs, in particular
broiler and turkey farms (117, 118).

The Typhimurium serovar presented a global distribution, as observed for pork,
ranging from 0.47% in Europe to 10.22% in Oceania (Table S6). In Europe this serovar
was the second most reported in human outbreaks and, in the latter, the 1st (3).
According to EFSA (20), the three most commonly reported Salmonella serovars in 2017
were S. Enteritidis, S. Typhimurium, and monophasic S. Typhimurium (1,4,[5],12:i:�),
representing 70.5% of the 78,949 confirmed human cases presenting known serovars.
The high frequency of this serovar in poultry on this continent suggests that this matrix
is one of the main sources of transmission to humans. In Oceania, this serovar was
reported in all food matrices, and according to Cowling et al. (68), it is more frequent
in outbreak cases. Although it is the most common serovar in poultry, no specific food
matrix is directly involved in the outbreak cases in the region, since in this case this
serovar has become widespread in all matrices. Likewise, Knight-Jones et al. (119)
reported that this serovar is, in fact, disseminated in a wide variety of foods, although
poultry was implicated as an outbreak source in 10.4% of the total cases worldwide.
This serovar has been isolated from a wide range of hosts and is located primarily in
chicken intestinal tissue (120). The hypothesis is that this serovar survives the slightly
acidic environment of chicken intestines, as well as the endothelial reticulum, allowing
for its survival in this host (121, 122). A human-originated Paratyphi B serovar was
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detected in Europe, Asia, and Latin America, indicating cross-contamination with
human waste (Table S6).

Salmonella serovars in beef. The spread of Salmonella spp. throughout the meat
production chain can be attributed to several factors, such as the management system
applied to breeding and slaughtering practices and postslaughter manipulation as well
as hygienic care during different chain production stages (123). Asymptomatic animals
eliminate this pathogen in farms, contaminating the environment, food, and water and
spreading it to other animals (123, 124). Horizontal or vertical transmission coupled to
packaging at inadequate temperatures in the cold chain or cooking at insufficient
temperatures or in an improper manner allows for Salmonella spp. survival in meat and
can trigger outbreaks (125–127). Although they are less associated with human infec-
tion than pork, beef products have recently been involved in major outbreaks caused
by multidrug-resistant Salmonella in both Europe and North America (128, 129).

As observed in the other assessed matrices, the Typhimurium serovar presents a
ubiquitous profile (Fig. 5A), present on all continents, ranking 1st in Africa and Europe,
2nd in Latin America, 6th in North America and Oceania, and 7th in Asia. According to
EFSA (20), S. Typhimurium was the most prevalent serovar in beef, with 12 isolates
(19.7%) reported out of 61 detected serovars, whereas for cattle herds it was 2nd,
accounting for 308 out of 1,177 Salmonella isolates (26.2%). A modification in its
epidemiology is noted concerning the most prevalent phage types. For example, in the
1960s, the MDR S. Typhimurium phage type DT 29 became predominant in Great
Britain, being replaced in the 1970s by DT 193 and DT 204 and in the 1980s by DT 204c
(130), which was the cause of a major salmonellosis epidemic in calves in the United
Kingdom. This phage type has currently disappeared and was replaced by DT 104 in the
late 1990s (131, 132). According to Webb et al. (133) and Gragg et al. (134, 135), S.
Typhimurium presents a low isolation frequency from peripheral lymph nodes in cattle

FIG 5 Heat map concerning Salmonella serovar prevalence in different matrices worldwide for beef (A) and seafood (B).
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due to its pathogenicity mechanism. In this regard, the diarrheal characteristics pro-
duced by S. Typhimurium in calves are similar to the pathological and clinical signs seen
in humans (136–139). Thus, upon oral infection, calves develop clinical signs of infec-
tion, presenting anorexia, diarrhea, dehydration, fever, and prostration (136, 139). The
Salmonella plasmid virulence (spv) genes and SPI-2, in contrast to the Dublin serovar (an
invasive serovar to calves), have little or no importance during localized infection
caused by the Typhimurium serovar. These findings suggest, as commented above, that
the majority of the Typhimurium serovars in calves remains restricted to the gut and
mesenteric lymph nodes (139). However, an increased risk of the presence of this
serovar in beef leading to human illness is demonstrated by a number of outbreaks
linked to this matrix. Confirming this, reports in the United States (129) and the
European Union (20) point out that the most common serovar responsible for out-
breaks with beef as a vehicle was S. Typhimurium.

In the present study, the Anatum serovar was the most prevalent in Latin America,
ranking 2nd in North America and 3rd in Africa and Asia (Fig. 5A), and it does not
appear among the most frequent agents involved in human outbreaks, appearing as
the 7th most prevalent in Africa and Asia and 14th in Latin America and Oceania (3).
However, this serovar is one of the responsible serovars regarding foodborne illnesses
and has caused some outbreaks involving different matrices, i.e., pasta salad (140),
unpasteurized orange juice (141), and dried formula milk (142). Additionally, it is known
that this serovar, as well as the Typhimurium serovar, is often isolated from the
lymphatic system of infected cattle (22, 134, 143), implying vertical meat contamination
during the slaughter process (144). Although scarce reports implicating this serovar in
outbreaks are available and none concern meat, this study indicates that beef, followed
by pork, are the two main access routes of this serovar to humans concerning the
distribution of the four assessed food categories (Table S8). To improve phylogenetic
comparisons in different niches, genomic and plasmid sequence studies are para-
mount. In this regard, Nguyen et al. (145) detected a closed genome and plasmid
sequences of 10 S. Anatum strains isolated from cattle (ground beef, hide, and
pre-evisceration carcasses) and human salmonellosis. These findings suggest that this
pathogen is directly involved in salmonellosis in humans even if no outbreak involving
this serovar and meat has yet been described. Another important fact concerns human
illness risk assessments with regard to infection and antimicrobial resistance, as several
studies have noted that this serovar isolated from cattle presents an MDR profile
(146–149).

The Agona serovar was the most prevalent in beef in Asia (Fig. S5), but reports of this
serovar causing outbreaks in humans appears to be ranked 17th on this continent (3).
This serovar was first reported in Ghana, isolated from cattle, and appeared as a public
health challenge in the late 1960s in the United States, Europe, and Israel. Kuang et al.
(150) reported that S. Agona is ranked among the top 10 serovars that cause human
diarrheal diseases in China. In addition, these authors reported that most isolates were
susceptible to antibacterial drugs and noted that the PFGE pattern indicated an
association between isolates from humans and different animal-based foods. Further-
more, isolates recovered from 2009 to 2011 indicated possible persistent contamination
of the clone in Shanghai. Brichta-Harhay et al. (143) reported that this serovar is often
isolated from cattle skin and carcasses during the preevisceration step, indicating that
it is distributed in the environment and that carcasses become contaminated through
cross-contamination. When evaluating the occurrence of this serovar in the four
assessed matrices in Asia, in addition to beef, it was also reported in poultry, ranking
5th, and in pork, ranking 10th. This suggests that, regarding human outbreaks, beef is
responsible for transmitting this pathogen to humans in Asia.

The Montevideo serovar, ranking 1st in North America and reported only on this
continent (Fig. S5), has also been reported in poultry (ranking 8th). According to
Hendriksen et al. (3), this serovar is a frequent cause of outbreaks in this region;
however, no source related to this serovar was noted here. This gap in this serovar’s
epidemiology is probably due to the fact that S. Montevideo is a highly clonal
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Salmonella serovar, and epidemiological investigations using PFGE, currently the gold
standard method, are limited in their ability to differentiate strains implicated in
epidemic outbreaks (151). However, a recent study performed by Lalsiamthara and Lee
(152) reported that cattle are commonly affected by this serovar and indicated that this
serovar is more adapted to chicken than other animals, suggesting that poultry is the
primary reservoir. However, interesting information corroborating the findings reported
here indicates that although outbreaks in the United States caused by the Montevideo
serovar increased in ten years (2002 to 2012) from 728 to 1,203, the prevalence of this
bacterium in poultry meat was reduced from 0.25% to 0.1% in this same period,
coherent with a negative relationship. In addition, the prevalence of S. Montevideo in
beef increased from 0.3% to 0.5%, indicating a robust positive correlation (105). This
information denotes that this matrix is probably related to human infections, although
more studies about this serovar are required in order to clarify this hypothesis.

Finally, the most prevalent serovar in beef in Oceania was the Muenchen serovar
(Fig. 5A). According to Hendriksen et al. (3), S. Muenchen has been listed among the top
10 most prevalent serovars on this continent. It has also been reported in poultry,
ranking 6th on this continent. Thus, beef represents a real possibility of being respon-
sible for transmitting this pathogen to humans on this continent.

Salmonella serovars in seafood. Seafood may be contaminated by microorgan-
isms naturally present in the aquatic environment or by those introduced via animal
and human waste during processing and/or production chain preparation (153), rep-
resented by different segments, such as catch or removal, processing, and retailing.
Removal can be performed through various methods. The main methods in this regard
are hooking and netting. From a contamination point of view, a net drag leads to
higher contamination levels than hooking, since, in addition to removing the resulting
sludge from the drag, the volume of trapped animals may eventually cause physical
damage and pressure to the animal’s intestines (154, 155).

This food matrix is not a typical Salmonella species reservoir, although this micro-
organism has been isolated from finned and scaly fish and shellfish (156–159). Over 30
serovars have been detected in the aquatic environment, demonstrating the possibility
and diversity of fish and shellfish contamination through the environment (156–165).
Moreover, it is essential to control and reduce the Salmonella in these foods, primarily
because many of these are marketed as ready to eat. Even if the food is cooked before
consumption, bacterial control is essential to avoid cross-contamination in consumer
kitchens.

Salmonella-related foodborne outbreaks related to fish consumption reach up to
12%. In the United States, Salmonella is the most common bacterial isolate in fish
and fishery products (166). In this scenario, the occurrence of the Weltevreden
serovar as an outbreak agent in Asia has increased significantly in the last twenty
years, ranking 11th in the 1990s (51) and 2nd in 2011 (3). This is probably due to the
simultaneous occurrence of this serovar in seafood, supporting the hypothesis that
this food matrix has become a vehicle for this pathogen (167). However, it is
interesting that S. Weltevreden is the 2nd most prevalent serovar in this matrix in
North America (Fig. 5B), but related outbreak cases caused by this serovar reach
only 0.1% (55). According to the articles assessed here, the isolation of the Welte-
vreden serovar in North America is due to fish originated from Asia acquired
through commercial trade, indicating that this pathogen is not native to North
America (168). However, as a high isolation index is observed, outbreaks caused by
the Weltevreden serovar may occur on this continent if hygienic and sanitary
control measures are not adequately applied. Although the Weltevreden serovar is
capable of causing human infections, i.e., asymptomatic transport, moderate to
severe diarrhea, and invasiveness in immunocompromised individuals (169), it
displays low antibiotic resistance frequencies (35), and it is possible that it is less
virulent than other serovars, such as Enteritidis and Typhimurium (36). For example,
Bohaychuk et al. (170) reported that S. Weltevreden was less efficient concerning
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survival and multiplication in HeLa cells than the Typhimurium serovar. These
authors noted that this serovar could not survive intracellularly in HeLa cells once
the sseC gene was deleted, indicating that this gene plays a central role in the
persistence of this serovar inside cells.

S. Newport is the most prevalent serovar in North America (Fig. S6) and an important
human pathogen, found in a wide range of hosts, including poultry, water birds, swine,
and cattle, as well as aquatic organisms. This serovar causes over 100,000 infections a
year (171), and in North America it is the 3rd most common serovar involved in human
outbreaks (3). In addition, outbreaks in different parts of the world have been linked to
several kinds of foods, including ground beef (125), mangos (172), unpasteurized
cheese (173), and tomatoes (174). A notable fact is the absence of this serovar in the
other three assessed matrices, suggesting that seafood represents an actual threat
responsible for transmitting this pathogen to humans. S. Newport is polyphyletic,
comprising three lineages: lineage I, from Europe, and lineages II and III, from North
America (175). Corroborating the findings reported here, Sangal et al. (175) reported
that most lineage II and III serovars are isolated from nonhuman mammals. However,
in addition to reptiles and birds, lineage II is frequently isolated from human infections
and does not seem to display a strong host adaptation. On the other hand, almost all
lineage I instances have been isolated from humans and only small amounts from birds
or nonhuman mammals, suggesting human-to-human transmission. Additionally, ac-
cording to several studies, S. Newport has been related to high resistance rates in
several parts of the world in both animals and humans (176–179), while aquatic foods
present a close link to diarrheal patients (179).

S. Hadar was the most prevalent serovar in both Latin America and Africa (Fig. S6).
Interestingly, in the first region, this serovar is not in the top 20 most reported serovars
isolated from humans. In addition, this study indicates that besides seafood, it has also
been detected in poultry, ranking 6th. However, as commented in the pork matrix
section, the results reported here may be biased due to the small number of studies
published for this continent.

Finally, although Oceania has traditional seafood products, no reports regarding the
prevalence of Salmonella serovars were found.

Concluding remarks. Many food types have been implicated as Salmonella

outbreak vehicles, and there is an urgent need to understand the pathways by
which this pathogen affects humans. This systematic review demonstrated the
complex epidemiology of this pathogen in terms of its distribution and transmis-
sion. The Typhimurium serovar presented a cosmopolitan distribution, reported for
all four assessed matrices and continents. This confirms the general profile of this
serovar, indicating the complexities involving the control of this pathogen, since it
can be transmitted to humans by different routes. Poultry continues to play a
central role in the dissemination of the Enteritidis serovar to humans. With the
exception of Oceania, all continents presented this serovar among the eleven most
prevalent serovars in this matrix, and despite sanitary measures implemented in
aviaries over recent decades, this pathogen is far from being reduced or eradicated.
The Anatum serovar had also been consistently among the most frequently isolated
serovar from beef and has been isolated on all continents in this matrix, indicating
beef as a vehicle to humans. Finally, careful monitoring of certain serovars is
recommended, such as Derby, Agona, Infantis, and Kentucky, since they are not yet
among the leading causes of human outbreaks but are widely distributed through-
out continents and matrices. The data presented here compile an overview of
serovar distribution in animal-based foods, which is essential, since veterinary
source literature is still dispersed, if not absent. Animal-based food data are
essential, since, when added to clinical data, they may facilitate the identification of
potential reservoirs. However, as observed here, many of these data are either
sparse or absent. In addition, disparities regarding the number of studies in some
regions are also noted, i.e., much is studied concerning one matrix, e.g., poultry,
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while another is not, as in the case of seafood. Finally, this study aimed to subsidize
prevention actions and specific control programs for each continent and for
animal-based products.

MATERIALS AND METHODS
Following three sequential stages, two authors (R.G.F. and A.C.N.) independently carried out a

preliminary selection of identified abstracts and paper titles.
The search was limited to the English language, and there was no date delimitation. Editorials, letters,

and Ph.D. theses were excluded. Some studies considered essential to compose the revision not included
in any of the research bases were added, i.e., articles addressing human outbreaks, pathologies in
humans and animals, and serovar genotype characteristics. These articles were added later and are
essential, not only due to the differential content addressed but also because of the impact of the journal
in which they were published. Finally, the results were reported in agreement with the Preferred
Reporting Items for Systematic Review and Meta-Analyses statement (PRISMA) (180).

Focus questions. The question was developed according to the population, intervention, compar-
ison, and outcome (PICO) method. The following questions were formulated. Which matrix has the
greatest relevance in transmitting a serovar? How important is each matrix on each continent in causing
salmonellosis? What is the relevance of each serovar on each continent? Is there a low diversity of
serovars or a predominance of a particular one per matrix?

Information sources. A literature search was performed using Medical Subject Headings (MeSH)
terms at the PubMed, Scopus, and Web of Science databases. The screening process was performed from
April 2018 to November 2018. Further directed searching was also carried out by checking the reference
list of relevant articles.

Search component 1 (SC1) included the following population search: pork OR pigs OR Suidae OR
porcine OR hog (SC1a); poultry OR chicken OR duck OR turkeys (SC1b); beef OR cattle OR bovine OR red
meat OR Bovidae (SC1c); and seafood OR marine fish OR freshwater fish OR shellfish OR lobsters OR crabs
OR shrimp (SC1d).

Search component 2 (SC2) included the following intervention search: “Salmonella Serovar” OR
“Salmonella serovars” OR “Salmonella serotype” OR “Salmonella serotypes.”

After retrieving the search component results, the Boolean operator “AND” was used to combine
SC1a, SC1b, SC1c, SCd, and SC2.

Finally, a third step comprised serovar separation by continent and matrix. Regarding the production
chain, articles were selected from the slaughter line until consumer sale. The evaluated continents were
Europe, Asia, Africa, Oceania, and the Americas, with the latter evaluating North America and Latin
America separately due to the economic and social differences of the countries that comprise each
region. Among the total amount of serovars reported, only the eleven most prevalent serovars in each
food matrix were taken into consideration in the Results and Discussion sections of this study. The term
“outbreak” refers to foodborne outbreaks in humans.

Risk of bias assessment. Possible sources of bias include study inclusion/exclusion criteria, the
chosen database, date, language, number of articles, and article type selected for this study. Another
important bias assessment refers to the analytical methodologies used by the different researchers in
Salmonella enterica detection and serology. Only those that applied traditional microbiology (culture
dependent) for isolation and identification were selected. For serotyping, the standard technique of the
Kauffmann-Le Minor scheme was first selected, but some articles use the pulsed-field gel electrophoreses
(PFGE) technique. Isolates identified as monophasic variants of S. Typhimurium (e.g., S. 1,4,[5],12:i:� or
S. 4,[5],12:i:�) were considered separate.

Statistical analyses. Prevalence was calculated by dividing the number of positive samples of each
serovar by the total number of samples of a region. To identify the most prevalent serovars in the world,
a hierarchical cluster analysis (HCA) was used, followed by Ward’s method applying Euclidean distance.
In order to understand the prevalence and dissemination due to the influence of each matrix, the cluster
of most the prevalent serovar was applied to a PCA. A PCA was also carried out to understand the
association between serovars and matrices for each continent. A correlation matrix was employed for the
construction of the principal components (factors). A heat map was used to represent serovar dissem-
ination for each matrix on each continent. To eliminate the effect of magnitude order, prevalence data
were standardized. All data were analyzed using Statistica 10 software.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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